T ransposable elements are present in all kingdoms of life; they encode transposases, which enable the mobility of these elements, and are the most abundant genes known 1 . Collectively, transposases promote the generation of new genetic traits and help drive evolution and interaction among organisms. Many DNA transposases, as well as retroviral integrases that may have been co-opted from the hosts of these viruses, belong to the large DDE family of polynucleotide transferases 2,3 . DDE enzymes utilize the triad of three conserved acidic residues (Asp-Asp-Glu) in their RNase H-like domain (RNH) active sites to perform phosphodiester-bond hydrolysis 2 . In vertebrates, the lymphocyte specific recombination-activating gene 1 and 2 (RAG1−RAG2) 2 endonuclease complex (RAG) 4,5 is a DDE family member with RAG1 as the catalytic subunit (Fig. 1a ). The RAG complex mediates combinatorial synapsis and cleavage of noncontiguous variable (V), diversity (D), and joining (J) gene segments during lymphocyte development, thereby initiating the V(D)J recombination reaction that generates the large repertoire of immunoglobulin and T-cell-receptor genes for adaptive immunity 6,7 . RAG1 and RAG2 mutations that compromise this diversity are associated with severe combined and other forms of immunodeficiency 8 .
RAG-mediated cleavage occurs exactly at the junction between a coding segment and an RSS and proceeds through two consecutive steps of catalysis-nicking (strand cleavage) and hairpin formation (strand transfer)-without substrate dissociation (Fig. 1c ). The resulting coding-end hairpins and blunt signal ends are passed on to proteins in the classical nonhomologous end-joining DNA-repair pathway for processing and joining to complete the recombination reaction 15 . Whereas the second catalytic step of hairpin formation has been revealed from RAG structures in complex with nicked 12-RSS and 23-RSS, in which base flipping and backbone distortion help to precisely position the 3′ -OH and the scissile phosphate for the strand-transfer reaction 13, 14 , how the first catalytic step of nicking is executed remains elusive. Notably, the recently reported structure of RAG in complex with intact 12-RSS and 23-RSS shows that the scissile phosphates for nicking are ~20 Å away from the catalytic sites and therefore represent a prereaction state 14 .
The initial nicking step is of particular interest because it is the only consensus step in the various mechanisms of cleavage and integration used by transposases and integrases of the DDE family to which RAG belongs 3 . Because of a lack of structural information, nicking remains the least understood step for the entire family, probably as a result of the intrinsic conformational dynamics in this catalytic step. Here, through extensive classification in singleparticle cryo-EM analysis, we determined structures of six different states of RAG in complex with either one or two intact-DNA substrates (Fig. 1d ). Unexpectedly, these structures contain bound DNA substrates not only in unmelted, double-stranded form, similarly to the reported prereaction state 14 , but also in melted, distorted form. This DNA melting, which occurs at the terminal CAC/GTG sequence of the heptamer, positions the scissile phosphate bond in the active site for catalysis. A piston-like, out-and-in movement of the insertion domain of RAG1 facilitates DNA melting while the RNH active site remains stationary and engages differently distorted DNA in its two steps of catalysis. In contrast to the dimer closure that occurs after synapsis of nicked RSSs and is required for hairpin formation 13 , binding of either one or two intact-DNA respectively, both of which were coupled to a Gatan K2 Summit direct detection detector ( Table 1 and Supplementary Figs. [2] [3] [4] .
Unexpectedly, multiple rounds of 3D classification and refinement revealed not only bound intact DNAs with double-stranded features along the entire length but also DNAs with a single-stranded bubble near the coding flank-RSS junction (Figs. 1d and 2a-c and Supplementary Video 1). Collectively, six different density maps were discerned, among which two are singly bound complexes with 12-RSS in the unmelted and melted states (4.2-and 4.7-Å resolution, respectively), and four are doubly bound complexes with 12-RSS and 23-RSS in combinations of unmelted and melted states (4.3-, 4.2-, 4.3-, and 5.0-Å resolution) ( Fig. 1d and Supplementary Figs. [2] [3] [4] [5] . Application of C2 symmetry to complexes doubly bound with unmelted or melted DNAs resulted in averaged maps at 3.9-Å and 4.4-Å resolution, respectively ( Fig. 2b and Supplementary  Figs. 2a, 3a and 5f ). To improve the density of the melted DNA in complexes with one unmelted and one melted DNA, we performed symmetry expansion and signal-subtraction 3D classification focused on the melted DNA, regardless of whether it was 12-RSS or 23-RSS. The subsequent 3D refinement of the particle images from a major 3D class resulted in a 4.0-Å-resolution map containing one melted DNA and one unmelted DNA ( Fig. 2c and Supplementary  Fig. 2b ). We also collected new cryo-EM data on the nicked RSS complex and improved its resolution to 3.4 Å without averaging and to 3.0 Å with C2 averaging ( Supplementary Figs. 3b, 4 and 5c), which show similar but improved details in comparison to our published structures 13 . For structural analysis, the highest-resolution maps or models of the different states were used ( Pixel size (Å) 1.08 secondary structures determined from the 3.4-Å-resolution RAG structure are shown on the aligned sequences of zebrafish, human, and mouse RAG proteins (Supplementary Note).
Heptamer melting is associated with a corkscrew rotation of DNA that positions the scissile phosphate bond for nicking. The bubble in the melted DNA spans the second and third positions of the heptamer at the AC/TG sequence ( Fig. 2d,e ). Strikingly, the coding flank of the melted DNA rotates by ~180° relative to the unmelted DNA, so that the minor and major grooves are reversed ( Fig. 3a,b ). This configuration is created by a corkscrew rotation of the coding flank initiated from unwinding at the heptamer region near a kink in the DNA at the heptamer-coding flank border ( Fig. 3a,b ). Because coding-flank recognition by RAG1 and RAG2 is mediated by nonspecific interactions with sugar phosphate backbones 13 , the dramatic rotation is likely to be accommodated without a substantial alteration in the binding energy. Importantly, the coding flank of the melted DNA superimposes well with that of the nicked DNA ( Fig. 3a ), in agreement with the idea that nicking occurs in the melted configuration (described below). Both unwinding and nicking cause the coding flank DNA to extend further out from the protein complex than observed with unmelted DNA (Fig. 3b ). The effect of heptamer unwinding became clear when we analyzed the RAG1 active sites in complex with unmelted or melted DNA ( Fig. 3c ). As a member of the DDE family, RAG1 has an RNH catalytic domain containing a D(E)DE motif, which is composed of residues D620, E684, D730, and E984 (Fig. 1a ). In the unmelted-DNA complex, these active site residues and the bound metal ions are located at the strand opposite, which contains the scissile phosphate bond at C1 (Fig. 3c,d and Supplementary  Fig. 6a ), similarly to the recently published RAG-DNA complex structure 14 . Additionally, despite the coordination of bound metal ions by a phosphate group in the unmelted DNA, detailed analysis showed that the active site components are not positioned for catalysis ( Fig. 3d ). In the melted-DNA complex, the scissile phosphate bond between C1 and A-1 is at the active site ( Fig. 3e,f and Supplementary Fig. 6b ), and the bound metal ions are poised to perform nicking, with metal ion A probably activating a water molecule and metal ion B stabilizing the leaving group (Fig. 3f ). In the nicked-DNA complex that we and others previously reported 13, 14 , a similar catalytic complex is present, except that the roles of metal ions A and B are reversed, with A stabilizing the leaving group and B activating the attacking 3′ -OH of A-1 ( Supplementary Fig. 6c ).
To perform two successive catalytic steps at the single catalytic center, either the active site must move to accommodate the different DNA substrates or the DNA must alter its conformation to be placed into the active site. Superposition of the RNH domains in RAG complexes with melted DNA and nicked DNA revealed the same arrangement of active site D(E)DE residues (D620, E684, D730, and E984) and bound metal ions ( Supplementary Fig. 6d ). This structure comparison indicates that the catalytic RNH domain exhibits limited conformational changes. Therefore, the extensive DNA distortion brings the scissile phosphate bond in either intact or nicked DNA into the catalytic center, thus allowing RAG to perform two successive catalytic steps by using a single catalytic center ( Fig. 3e ). Interestingly, 3D classification after combining the datasets of 37 °C and 21 °C samples revealed an overrepresentation of melted-DNA complexes in the 37 °C sample compared with the 21 °C sample. For singly bound RAG, the ratio between particles with melted DNA and those with unmelted DNA was ~1 for the 37 °C sample and only ~0.5 for the 21 °C sample; for doubly bound RAG, the ratio between particles with at least one melted DNA and those with both unmelted DNA was ~2 for the 37 °C sample and only ~1 for the 21 °C sample. These data suggest that higher temperatures facilitate unwinding. Both singly bound and doubly bound DNAs had a melted state, thus suggesting that nicking can occur without synapsis ( Fig. 1d ), in agreement with previous biochemical studies 12, 18 . This result is in contrast to hairpin formation, which preferentially occurs in the synaptic complex 12, 13, 18 . We did not observe any singly bound states with 23-RSS, a result that may reflect the prior observation that 12-RSS forms complexes with RAG and HMGB1 three to five times more efficiently than does 23-RSS in gel-shift analyses 19 . In this context, similarly to findings from our previous structures 13 , additional lowresolution cryo-EM density compatible with bound HMGB1 was observed at both 12-RSS and 23-RSS. For the 23-RSS, the additional density is consistent with the locations of the two HMG boxes in the recently published RAG crystal structure 14 , but the connection between the two boxes could not be determined.
Piston movement and RAG dimer opening facilitate intact-DNA binding and melting. To understand how initial DNA binding and subsequent melting occur, we compared the structures of apo-RAG and RAG bound to various forms of intact RSSs (Supplementary Video 2). Because each RSS interacts with both RAG1 molecules in the (RAG1−RAG2) 2 complex, for a given RSS, we named the RAG1 that also mediates the phosphodiester-bond hydrolysis of the RSS the 'first RAG' and the partner RAG1 that only binds the RSS the 'second RAG' . Structural comparison revealed a prominent movement in the DNA-interacting insertion domain (ID) of the first RAG1 ( Fig. 4a-d and Supplementary Fig. 7a ). The location of the ID in apo-RAG is the most 'in' , as shown by the position of helix α 15, whereas the intact unmelted-DNA interaction moves α 15 outward by approximately 13 Å in Cα positions (most 'out') ( Fig. 4b ,e,f and Supplementary Fig. 7b ). In the melted-DNA complex, helix α 15 moves inward by ~10 Å, and the associated α 15-α 16 loop wedges into the melted DNA ( Fig. 4c,g and Supplementary  Fig. 7c ). Because apo-RAG assumes the most 'in' conformation, we speculate that the most 'out' conformation in the unmelted-DNA complex spring-loads the ID, thus priming a piston-like inward movement that facilitates and stabilizes DNA melting. After nicking, helix α 15 occupies a similar location to that in the melted-DNA structure (Fig. 4d,h and Supplementary Fig. 7a ). The movement of the ID is mostly rigid body, as shown by the pairwise superposition of 0.8-1.0 Å among the different states (Fig. 4i ). As expected, the NBD region changes its tilt in the transition from apo-RAG to RAG bound to intact DNA (Fig. 4b) . However, the NBD tilt changes again when the DNA becomes nicked (Fig. 4d) , thus suggesting that the NBD orientation is molded to the form of the doubly bound DNAs.
We previously observed closure of the RAG dimer upon synapsis with nicked or cleaved 12-RSS and 23-RSS, in comparison with the cryo-EM and crystal structures of apo-RAG 13, 20 . Here, although the different RAG structures in complex with intact RSSs exhibit slight differences in their dimer openness (Fig. 5a ), they are more open than both the synapsed closed conformation (Fig. 5b ) and the apo-RAG conformation (Fig. 5c ). These data suggest that binding to intact DNA pries open the RAG dimer. The reason for dimer opening may be explained by the clash of a bound intact unmelted RSS with both RAG1 monomers if the RAG dimer stays in the apo conformation ( Fig. 5c,d) . On one side of a bound RSS, the ID α 15-α 16 loop of the first RAG1 must move out, and on the other side, the β 4-β 5 loop and the α 23-α 24 region of the second RAG1 must open more to avoid the clash (Fig. 5d) . Therefore, the outward movement of the ID and the opening of the dimer together permit intact-DNA binding, and the subsequent inward movement of the ID promotes melting. and are functionally crucial for V(D)J recombination 10, 21 . Therefore, we did not anticipate the finding of few base-specific interactions for CAC/GTG in the intact-DNA complexes, both when the DNA was unmelted, as in our structures and the published RAG-DNA crystal structures 14 , and when the DNA was melted (Fig. 6a,b) . In contrast, the CAC/GTG region is extensively recognized by basespecific interactions in the nicked or cleaved RSS complex 13, 14 ( Fig. 6c) , thus explaining the previous observation that RAG in complex with nicked RSS possesses a slower off rate than it does in complex with intact RSS 22 . Previous footprinting studies support a lack of strong contacts at the 5′ end of the heptamer in intact-DNA substrates 18 , findings fully consistent with our structures. Because CAC/GTG base pairs contain alternating purine and pyrimidine tracts, which tend to display bending, distortion, and even a lack of base stacking, especially at the weaker A-T base-pair position 23 , we hypothesize that the CAC/GTG sequence may be essential in early steps of the reaction for its tendency to unwind. Indeed, even the intact unmelted DNA exhibits a kink near the coding flank-RSS junction (Fig. 3a,b) . For a given bound RSS, the two RAG1−RAG2 monomers in the RAG dimer provide different functions to the bound DNA: the first monomer cradles the coding flank and the heptamer and executes catalysis, whereas the second monomer interacts with the heptamer and the spacer (Figs. 4e and 6d) . The two NBDs together interact with the nonamer (Fig. 2a ). In the different DNA complexes, the most constant interactions are mediated by the NBD dimer and by RAG1 in the second RAG1−RAG2 monomer (Fig. 6d) . The dimerization and DNA-binding domain (DDBD) and the C-terminal domain (CTD) of the second RAG1 interact similarly with the last 3 bp of the heptamer and the spacer in the unmelted, melted, and nicked complexes ( Fig. 6a-d) , and the β 4-β 5 loop of its RNH domain molds into the respective DNA forms ( Fig. 6d and Supplementary Fig. 8a,b) . Therefore, our structures suggest that the nonamer, the spacer, and the second part of the heptamer are important for initial binding, a process primarily mediated by the second RAG1 instead of the first RAG1. These interactions away from the coding flank-heptamer junction may act as a 'molecular ruler' that positions the CAC/GTG sequence at the active site for melting and nicking (Fig. 6e ). This structural analysis is consistent with the nonamer and the last four positions of the heptamer being required for an RSS to effectively compete for catalysis 24 and for efficient formation of a shifted complex of RAG with 12-RSS 25 . In contrast, changes in the first three positions of the heptamer have been found to have little or no effect in catalysis or binding 24, 25 , thus supporting the structural observation that these positions are involved in cleavage rather than binding. Because its interactions with DNA do not change significantly during the RAG catalytic cycle, the second RAG1 is able to clamp down on the distal components of the RSS as the first three positions of the heptamer and the coding flank undergo the conformational 'gymnastics' in the different catalytic steps.
Discussion
Conformational transitions in the RAG catalytic pathway. Our RAG structures containing melted-DNA substrates reveal the molecular mechanism of the first step of DNA cleavage and fill an important gap in understanding of the RAG catalytic machinery 13, 14 . Four major moving parts are illustrated: relative dimer orientation, positioning of the ID (especially the α 15-α 16 loop), conformation of the β 4-β 5 loop of the RNH domain, and the tilt of the NBD dimer (Fig. 7a) . After intact-DNA binding, the RAG dimer assumes an even more open conformation than that of apo-RAG. There are several aspects that contribute to the opening of the RAG dimer when intact-DNA substrates are engaged, including a cooperative rotation between the two RAG monomers and an outward movement of the ID in the RAG monomer. All these movements are required to avoid a steric clash with intact RSS substrates. Subsequently, the intact RSS substrates are melted at the coding flank-heptamer junction, in a manner that is driven by the piston-like inward movement of the ID without closure of the RAG dimer and is facilitated by the intrinsic unwinding tendency of the CAC/GTG base pairs in the heptamer and engagement by the β 4-β 5 loop. RSS melting and corkscrew DNA rotation lead to positioning of the scissile phosphate in the active site for nicking. After nicking of both RSSs, the RAG dimer assumes a fully closed conformation through relative rotation of the two monomers. The nicked DNAs are highly distorted, and CAC/GTG of the heptamer is extensively recognized and poised to undergo hairpin formation at the coding flank. Throughout these steps, the NBD dimer shows flexibility to accommodate the movements in the RAG monomer, the ID, and the bound DNA. . At the left, the RAG monomers from the dimers are superimposed, and at the right, the different positions of the RAG monomers and the much more closed state of the nicked RSS complex are shown. c, Superimposed conformations of the RAG dimer doubly bound to unmelted RSS (blue) and the crystal structure of apo-RAG (PDB 4WWX, gray), generated by aligning one RAG1-RAG2 monomer at the left and displaying the relative positions of the monomers at the right. d, If unmelted RSS is bound to RAG in its apo conformation, there is a clash between the RSS and both monomers of the RAG dimer. The heptamer in the unmelted RSS is highlighted in blue, and the secondary structures in apo-RAG that clash with unmelted RSS are highlighted in slate. The first and second RAG1 molecules shown in the cartoon designate the catalytic RAG1 subunit for a given RSS and its partner RAG1, respectively.
The observation that DNA unwinding is required for the nicking activity of RAG is supported by classical biochemical experiments (Fig. 7b) . First, sequence alterations that facilitate unpairing of the RSS sequence near the coding flank activate the cleavage reaction, thus suggesting that DNA distortion is critical for V(D)J recombination 24, 26 . Second, the RAG1 core domain has been shown to exhibit more robust affinity for single-stranded DNA than doublestranded DNA 27 . Third, thymidine residues modified by potassium permanganate near the coding flank-heptamer junction are overrepresented in RAG-bound versus unbound DNA, thus suggesting that the modification imparts flexibility or other perturbations that RAG prefers near the nicking site 18, 28 . Finally, and importantly, RAG possesses 3′ -flap, but not 5′ -flap, endonuclease activity, and nicking preferentially occurs at one nucleotide 5′ of the beginning of the 3′ flap 29 . In the structures of RAG-intact DNA complexes, the unwinding is centered at the AC/TG base pairs, and nicking occurs immediately before the adjacent 5′ C (Fig. 7c) , a result in precise agreement with the 3′ -flap endonuclease activity.
Implications for other DDE transposases and integrases.
In light of the extensive mechanistic similarities between RAG and other DDE family transposases and retroviral integrases 3 , all of which initiate their reactions with phosphodiester-bond hydrolysis (nicking), our cryo-EM structures of RAG in complex with intact-DNA substrates provide a first glimpse of how the initial step of catalysis occurs and how sequential catalytic steps are executed by this enzyme family. Structural analysis suggests that DNA melting and conformational changes may be general features of the universal first step, despite the diverse pathways that these enzymes use to generate their DNA products. For example, for the Mu transpososome, the duplex at the junction between the Mu DNA and the flanking DNA after transpososome assembly is deformed, as evidenced by hypersensitivity to nucleases and chemical reagents as well as by enhanced fluorescence of 2-aminopurine, a fluorescent purine analog whose fluorescence is quenched in double-stranded DNA 30 . For two DDE family members, the Hermes hAT transposase 31, 32 and the bacterial transposase Tn5 (refs 33, 34 ), for which both apo and cleaved DNAintermediate structures are available, when an intact unmelted DNA is superimposed onto the proteins, the scissile phosphate of the nicking site is located away from the active site, thus suggesting a need for a structural reconfiguration consistent with DNA Supplementary Fig. 1b ). Conserved interactions at the last 3 bp of the heptamer are highlighted within the red squares. d, Superposition of the second RAG1 molecules, which bind to but do not perform catalysis on the unmelted (colored as in Fig. 1a ), melted (green), and nicked (cyan) RSSs. The heptamers of unmelted, melted, and nicked RSSs are highlighted in yellow, red, and blue, respectively. The zoom-in view below shows the β 4-β 5 loops in the RNH domain. e, Conserved recognition of the nonamer, spacer, and last 3 bp of the heptamer mainly by the second RAG1 molecule, which binds but does not perform catalysis on the given RSS. Such interactions may dictate intact-DNA binding, which places the CAC/GTG base pairs with unwinding tendency at the active site.
unwinding (Fig. 7d,e ). In a comparison of the apo and DNAintermediate structures, both Hermes and Tn5 exhibit a change in the dimer orientation and movement of the ID upon DNA interaction ( Supplementary Fig. 9a,b) ; consequently, dimer opening and the piston-like ID movement may also be used for the initial catalytic step by these enzymes. A survey of substrates of DDE family members showed the ubiquitous presence of CA/GT sequences near the site of nicking ( Supplementary Fig. 9c ). These base pairs are characterized by high conformational flexibility 23 , which might facilitate DNA melting. In particular, examination of the activity of substrates carrying mismatched termini in the transposable phage Mu support the flexibility hypothesis 35 . In the human genome, statistical analyses of the highly abundant long-terminal-repeat retrotransposons and DNA transposons have also revealed a high conservation of their terminal 2-3 nt; the most abundant species are 5′ -TG … CA-3′ at the ends of long-terminal-repeat retrotransposons and 5′ -CAG … CTG-3′ for DNA transposons 16 . Thus, the conformational dynamics of DNA near the site of nicking, perhaps similarly to that illustrated for RAG in our study, might be a universal feature of the first step of catalysis by DDE family enzymes.
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